ABSTRACT Powering cellular base stations with renewable energy are one of the long-term strategies for achieving green networks and reducing their operational costs. As an energy provider, the power grid is evolving into a smarter one, which allows more energy-efficient cellular networks and enables cooperation and interaction with the smart grid. On one hand, cellular networks can use harvested renewable energy and on-site energy storage to reduce their energy costs. On the other hand, the price of electricity depends on the energy load, which will eventually contribute to decreasing the peak consumption and global energy cost. In this paper, we propose new integration architecture for renewable energy-powered cellular networks and the smart grid. The proposed architecture is designed based on the classification and the analysis of the existing proposals and the requirements of the smart grid, renewable energy systems, and cellular networks.
I. INTRODUCTION
In recent decades, cellular networks have experienced huge development that promoted it to be one of the largest industries in the world. The number of subscribers and their corresponding traffic have increased tremendously. This increase in traffic has been accompanied by a huge increase in cellular networks energy consumption and operational costs. In addition, network operators are more engaged in Corporate Social Responsibility programs with a particular focus on sustainability and environmental issues [1] . Hence, reducing energy consumption and Carbon emissions is a strategic target for the cellular communication industry.
The information and Communication Technology (ICT) sector already represents 2% of global CO 2 emissions [2] , as much as air transportation. However, in contrast to air traffic, ICT energy consumption is increasing exponentially, which is unsustainable in the long run. In particular, cellular networks consume more than 0.5% of the global energy supply [3] , a number expected to increase even further with the drastic growth of users' demands. According to Cisco Visual Networking Index [4] , mobile data traffic is expected to grow 61% per year, so that by 2018 it will reach an 11-fold increase over 2013. To satisfy users' demands, cellular network operators are deploying more base stations. In 2012, the number of mobile subscribers worldwide reached 6 billion, and the number of base stations (BSs) surpassed 4 million [5] , which leads to higher energy demand and greater operation expenditure. The latter is of increasing importance, considering that energy and fuel cost can reach more than 32% of operational expenditure [6] .
Taking into account that BSs are the major energy consumer in the network, with 75% to 80% of total energy consumption [7] , powering them with renewable energy sources (RESs) has the potential to become an indispensable tool for mobile network operators (MNOs) [8] . Several MNOs have already deployed RESs at BS sites. However, the power produced by RESs fluctuates over multiple time horizons, forcing MNOs to rely on the power grid as a reliable energy source. Meanwhile, significant efforts are being made to evolve the power grid into a smarter one -the Smart Grid [9] . In contrast to the traditional power grid, the Smart Grid allows bidirectional communication and energy flow between its components, which permits renewable energypowered cellular networks to share, sell and better utilize the harvested energy. Moreover, cellular networks should be aware of Smart Grid conditions, such as energy price and Carbon emission level, to reduce their energy costs and Carbon footprint. The Smart Grid is also interested in cooperation with cellular networks due to their significant energy consumption and the potential of using on-site RESs and energy storage to support the grid in many ways. Thus, new integration architecture is needed to facilitate cooperation between cellular networks and the Smart Grid to increase their mutual benefits.
The novelty of this paper is that we highlight the intersection of energy-efficient cellular networks, renewable energy systems and the Smart Grid as a promising research venue. We present the requirements and challenges of each of these technologies, and analyze the advantages and limitations of existing proposals. Based on the technology requirements and analysis of the existing work, we propose a new integration architecture for renewable energy-powered cellular networks and the Smart Grid. The proposed architecture allows the physical integration of these technologies by deploying new physical entities, and high-level cooperation by proposing several logical units. The key elements of this architecture are detailed and the research topics and challenges are highlighted. The rest of the paper is structured as follows. Section II presents the evolution of energy management concepts in cellular networks. In section III, we explain the requirements of the Smart Grid, cellular networks and renewable energy systems. We present the main aspects of greenpowered cellular networks in Section IV and the classification of existing proposals in Section V. The proposed integration architecture of renewable energy-powered cellular networks and the Smart Grid is detailed in Section VI. Section VII presents the challenges and research issues before concluding in Section VIII.
II. EVOLUTION OF THE CONCEPT OF ENERGY MANAGEMENT
As a response to the energy demand increasing of cellular networks, the main line of research and development followed by engineers and researchers is to enhance the energy efficiency of cellular networks. 1 Energy Efficiency was adopted to be one of the major concepts in designing and operating cellular base stations, where multiple complementary techniques are employed to improve it [10] . They include radio resource management, cell layout adaptation, heterogeneous deployment, cognitive radio, etc.
A promising direction in dealing with the energy demand increase of mobile networks is powering their BSs with RESs. One of the instinctive and popular justifications regarding RESs in general is the desire to render our society more environmentally friendly, e.g. by decreasing global Greenhouse Gas (GHG) emissions. However, in addition to decreasing GHG emissions, RESs can serve as a solution to many other problems. For example, the use of renewable energy (RE) is proposed as a solution in areas where there is no power grid, 1 We use the terms Cellular network and Mobile Network interchangeably throughout this paper.
such as islands and deserts [1] . It also solves the problem for places where it is difficult or impossible to get connectivity to the power grid. Until now, mobile operators have relied on diesel generators to run such BSs for most of these cases, which is not only expensive due to its price and transportation [11] , but also one of the most polluting sources of energy. A program called Green Power for Mobile has been launched by the GSM Association to aid the mobile telecommunications industry to deploy various RESs for powering 640,000 off-grid BSs [12] . This action alone would save about 0.35% of global diesel consumption. In addition, RE may also be part of the solution in case of failures in the power grid [13] and the consequences of these failures on communication itself. Approximately 65% of communication interruptions are caused by power supply failures, and 85% of these are discovered after more than 12 hours, mainly due to user complaints [14] . Using RESs in this case make commercial sense for MNOs to support sustainable and profitable business.
Consequently, Energy Sustainability emerges as an essential concept, and poses a new question: How to use the harvested energy to satisfy traffic demands, while meeting the Quality of Service (QoS) requirements of end users? In fact, both energy efficiency and green-energy sources are promoted to be part of future mobile technologies. More specifically, the 5G era will witness an increase in the importance of operational cost reduction, green-powered deployments, and more sustainable and energy-efficient networks [15] . In this regard, several projects have been developed, such as GreenTouch, Energy Aware Radio and Network Technologies (EARTH), Optimizing Power Efficiency in Mobile Radio Networks (OPERA-NET 1 and 2), Towards Real Energy-efficient Network Design (TREND) and Green-T. Table 1 summarizes the green cellular network projects and their objectives.
The raise of the Smart Grid permits base stations to share and trade energy. Moreover, the variation of grid parameters such as energy price and Carbon emissions encourage network operators to manage their resources in more costeffective and environmental ways. The evolution of energymanagement concepts in the context of cellular networks is presented in Figure 1 . The concepts are consistent with each other, as it is easier to power a cellular network with renewable energy, Energy Sustainability, if it has a lower energy footprint, Energy Efficiency, to start with. Moreover, the state of the Smart Grid, such as pollution level or electricity price, is important in defining the utilization of renewable energy and evaluating the performance of cellular networks. Consequently, MNOs are concerned not only with decreasing energy consumption or increasing the utilization of renewable energy, but also with taking into consideration the interaction with the Smart Grid.
III. TECHNOLOGY REQUIREMENTS
The major shifts in the energy management concepts of cellular networks are due to powering BSs with RESs, and considering Smart Grid features in designing and operating networks. However, cellular networks, renewable energy systems and the Smart Grid all have special requirements related to their characteristics and functionality. In the following, we present the main features and requirements of these technologies to achieve coherent and effective cooperation between them.
A. THE SMART GRID
The Smart Grid is an evolution of the power grid [9] , based on the integration of bidirectional communications to all parts of the grid. It is in essence an economical way to improve the efficiency of the grid, increase its capacity, improve the awareness of the grid (real-time and historical), and allow for new services and new technologies to be integrated.
The Smart Grid incarnates improvement in several aspects of the power grid, which include both the technical ones, as well as in terms of services, business practices, legal issues and regulations. For example, instead of having a few large power generators to supply many customers, the Smart Grid integrates distributed energy sources and efficiently delivers power to customers. Figure 2 shows the architecture of the traditional power grid. The energy is generated by central generators and then transported through the transmission and distribution systems to the load. The evolution of energy flows in the Smart Grid is shown in Figure 3 , where renewable energy generation and storage are integrated at the distribution level. Moreover, the Smart Grid introduces new appliances, such as electric vehicles, and integrates renewable energy-powered systems, creating a new entity, the Energy Prosumer. The Energy Prosumer is a combination of energy provider, where local renewable energy is generated, and consumer of energy. Homes or base stations equipped with local RESs are examples of prosumers. For more information concerning the development of the Smart Grid, see the exhaustive survey of Fang et al. in [9] .
Stability is the major requirement of the Smart Grid and has to be maintained even during disturbances, such as generator VOLUME 3, 2015 failure or losing a large load. If energy demand exceeds the amount of energy generated, the grid frequency will drop, causing blackout. Most of the studies in the context of cellular networks powered by the power grid assume that the grid is an unlimited source of energy, even in the case of the Smart Grid [22] , [23] . On the one hand, the traditional energy customer is not responsible for the stability of the power grid. On the other hand, the power grid is managed to meet the energy demands of customers. In Smart Grid-aware cellular networks, base stations interact with Smart Grid requests and conditions. BSs consider themselves to be part of the grid and are involved in supporting it by reducing their energy consumption, or providing it by ancillary services [24] .
Moreover, Smart Grid operators aim to increase energy utilization and minimize energy cost and Carbon emissions. In this context, the Smart Grid encourages customers to take a more proactive role in managing their energy use. Customers are requested to increase the energy efficiency of their devices, use local renewable energy sources and engage in demand side management. The goal of demand side management is to guide customers to consume less energy during high-consumption hours (peak hours) or shift their consumption (to off-peak periods) [25] . In addition, it is possible for customers to enrol in demand response methods such as time-of-use or real-time energy pricing [26] . Real-time pricing benefits both customers and the grid. On the one hand, customers are interested in reducing their electric bills (and Carbon footprints). On the other hand, the price of electricity depends on the load, which will eventually contribute to decreasing peak consumption and global energy cost. Another strategy is to use direct load control programs, which enables the Smart Grid to control the energy consumption of appliances in exchange for a lower electric bill. Choosing the demand side management strategy depends on several conditions, including the types of customer appliances and their criticality. Moreover, it is essential for customers to deploy supporting infrastructures such as Smart Meters to allow monitoring, two-way energy flow and communication with the Smart Grid components.
The power grid considers the base stations to be distributed energy loads, where the average power demand of a base station is on the order of a few kWs [27] . For the customer to be eligible to benefit from certain features of the Smart Grid, such as day ahead energy tariff, his power demand must be higher than a certain threshold (e.g. consumers with peak demands greater than 1 MW) [28] . Moreover, Smart Grid Operators (SGOs) cannot deal with the large number of individual resources, since the communications requirements would be overwhelming.
The communication between entities of the Smart Grid is a key factor for achieving automation and interactivity. Cellular networks may serve as a good solution to address quality of service and reliability in data transmission [29] , [30] . However, this is not in the scope of this paper. For more information about Smart Grid communication, see the exhaustive survey of Gao et al. in [31] .
B. CELLULAR NETWORKS
The highest priority of MNOs is to sustain their business, which is directly linked to the satisfaction of their users. However, the increase in users' data traffic challenges the MNOs to meet users' demands while keeping their electric bill and Carbon emissions as low as possible. Knowing that the grid is the main source of energy, cellular networks are interested in cooperating with the Smart Grid to decrease their electric bills and Carbon footprints.
Many types of appliances will be connected to the Smart Grid from high-energy-demand industrial equipments to small home appliances. Each of these appliances has special features, which affect their interaction with the Smart Grid. The cellular network can be seen as distributed loads, corresponding to geographically distributed base stations. The Smart Grid may also consider the cellular network to be distributed energy providers when RESs are implemented at the base station sites.
To highlight the specific characteristics and requirements of the base station as an appliance in the Smart Grid, we use the example of a washing machine as an illustration. The washing machine is one of the home appliances that are expected to cooperate with the Smart Grid in the context of Smart Homes. It is predicted that Smart Washing Machines will dominate the smart appliances industry by 2015, accounting for 22% of smart appliances [32] . Table 2 shows a comparison between a base station and a washing machine with respect to several criteria. The washing machine is characterized by finite-state energy demand depending on the on-going task. The energy demand of a base station is decomposed into two parts, static-and loaddependent. The static part is due to some components of the base station such as cooling, while the load-dependent part is variable and changes with the number of users and their conditions [33] . The ratio of the load-dependent part to the maximum energy demand depends on the type of base station. Based on [33] , the load-dependent part of a macro-BS is 43% while it is negligible for a femto-BS (less than 8%). However, the behavior of macro-BSs has the dominant impact on energy performance of cellular networks, as illustrated in [34] . The power demand of a base station and a washing machine during a typical day are presented in Figure 4 . The washing machine is used twice. We notice that the power demand of a washing machine depends on the number of usages and the phase of the cycle. In each usage, the power demand consists of two phases: main cycle and end section. However, the power demand of a base station is dependent on the traffic and users' demand and varies over time.
The service time of a washing machine is limited to few hours, while mobile networks must ensure continuous service with maximum availability (99.999% of the time, known as five nines). This is not only essential for users' satisfaction, but also due to the high criticality of telecommunication services. On the contrary, a temporary unavailability of a washing service is tolerated. A washing machine in a Smart Home is accessible to its residents, which makes it a private service. Thus, residents represent the only actor and determine the amount and time of energy consumption. In contrast, the service provided by the network is open to all subscribers, which implies that multiple users contribute to the energy consumption of a base station.
In terms of energy awareness, a washing machine may cooperate with other home appliances by delaying its service. A base station can work as a single entity or as part of a network. In both cases, the base station can take the decision of consuming energy or storing it, if local energy storage is present. As part of a network, the base station is capable of switching off in some periods. Other actions can also be taken, such as offloading users to hot spots or delaying them, a concept known as delay-tolerant users (DTU) [35] .
To sum up, cellular BSs cannot be treated like other energy loads. The Smart Grid should consider the specificity and criticality of cellular networks. Moreover, BSs can cooperate with one another and exploit their on-site renewable energy sources and energy storage. Thus, we categorize cellular base stations as a new type of appliance with high criticality and good flexibility.
C. RENEWABLE ENERGY SYSTEM
Non-renewable sources are known to have reliable and controllable performance, generating a known amount of energy. However, renewable energy sources do not generate stable quantities of energy and are influenced by multiple parameters [36] . For example, the performance of solar panels is determined by the quantity of sunlight, snow fall, cloud coverage, smog, air density, temperature and other factors. The main challenge in using renewable energy sources is that they are not controllable [37] . In other words, renewable sources cannot increase or decrease their generation based on demand variation.
The requirements of renewable energy sources depend on the technology used. Choosing the type of renewable energy depends on the climate (e.g. wind speed), capital investment, social acceptance and available space. The most common type of sources used to power base stations are solar and wind generators. Solar panels need to absorb sun rays to generate electricity [38] . Thus, panels should face the best direction to maximize generation of energy. However, it is also possible to direct panels to maximize its energy production in specific periods of the day, e.g. the peak of the power grid. Wind turbines are designed to convert wind energy into electricity. In this case, it is crucial to determine the tower height, number of blades and blade shape [39] . For both solar panels and wind turbines, it is essential to determine the correct size of the energy source to satisfy the energy demands, taking into account the available space in the targeted base station site.
In addition to the previous requirements, supporting devices are needed to allow better management of the generated energy, such as grid-tie inverters, which allow harvested energy to be fed into the grid. Moreover, energy storage and energy management units are important to avoid wasting the harvested renewable energy and to enhance its utilization. Energy storage is used to store excess energy during the high generation of RE, and can be used to compensate for the unavailability of RE or reduce grid energy consumption during the grid peak.
IV. GREEN-POWERED CELLULAR NETWORKS
Until now, cellular networks have succeeded in following the demand of various types of users. Spectrum efficiency, as well as quality of service, have been well optimized to meet users' requirements. However, the increase in traffic has been accompanied by an increase in energy demand, challenging the operators to reduce their energy consumption.
In [10] , we classify the existing approaches to enhance the energy efficiency of cellular networks into: component-level, cell layout adaptation, cognitive radio and radio resource management. At the level of components, the work focuses on increasing the efficiency of the power amplifier. Cell layout adaptation includes several techniques, such as cell breathing, switching off BSs and deploying heterogeneous networks. Cell breathing is the process of dynamic adaptation of the coverage of base stations based on the incoming traffic [40] . Cognitive radio describes the process of sensing the radio spectrum and then reconfiguring the transmission parameters to adapt and match the channel conditions. Although this technology was designed to enhance spectrum efficiency, it is now widely used in energy-efficient cellular networks [41] . In addition, radio resource management (RRM) is used to optimize radio resources, such as bandwidth, for reducing energy consumption.
Powering cellular networks with renewable energy requires new strategies and/or updating old ones. These strategies should take into account the specificities of renewable energy sources in the functioning of the cellular network infrastructure. Moreover, considering that base stations are connected to the power grid adds new dimensions to the problem. In the following we present and discuss the existing work for off-grid, on-grid and Smart-Grid base stations powered by renewable energy sources.
A. OFF-GRID BASE STATIONS
Off-grid, or stand-alone, base stations are not connected to the power grid. They are powered by local renewable energy sources (solar panels, wind turbines) and possible fossil fuel generators. They are not able to share renewable energy with one another, and the possible cooperation involves supporting each other wirelessly by adjusting their transmitted power and/or offloading users. Under this scenario, the main objective of any architecture, deployment or algorithm is to maximize the utilization of the renewable energy generated to sustain the service of users in the network.
In [42] , the author proposes several types of RE wireless structures and protocols for different network types, including cellular networks. Off-grid wireless networks powered by RESs and batteries may suffer from energy unavailability for some time, causing the interruption of services. The Coverage Supply Redundancy Architecture (CSRA) is introduced as a solution. For RESs, the author proposes using different kinds of generators (solar, wind, etc.) to reduce the possibility of BS outages and explains why it is not trivial for neighboring BSs to connect to each other through power lines, e.g. for financial reasons. However, it is technically feasible and economic for neighboring BSs to support each other wirelessly. BSs are placed in smaller inter-cell distance (less than the usual planning) and transmission power is varied based on RE availability. To further stabilize the power supply, some BSs can be augmented with other energy sources, such as fuelbased or the power grid.
Due to the characteristics of RESs and variation of traffic (and thus energy demand), precise dimensioning of RESs and energy storage systems is essential to avoid any system failure (service outage) and/or additional cost of off-grid base stations. Several studies have investigated the feasibility of using RESs and studied equipment sizing of cellular BSs powered by RE [5] , [43] - [45] . In general, the size of renewable energy sources and the energy storage depends on the location and weather of the scenario in question.
In [46] , the authors propose an intelligent energy management service for green BSs. The method predicts the RE generation and energy consumption based on both the weather forecast and the site's historical power demand data. A heuristic algorithm, based on the stored energy, is used to adapt the transmitted power output of the BS to maximize the utilization of RE and avoid service outages. At the level of the network, the problem of the outage of BSs powered by RE is studied in [47] . This may lead to coverage holes and thus severely affects service quality. A sleep mode policy is used to allow renewable BSs to store RE for future use when the traffic does not match the energy arrival.
The problem of maximizing the number of accepted users in a 2-tier heterogeneous network (HetNet) solely powered by RE and equipped with energy storage is tackled in [48] . BSs across tiers differ in terms of energy harvesting rate, maximum transmitting power (and thus power demand), and deployment density. To address this problem, an adaptive user association based on RE availability is proposed. In [49] and [50] , the authors study the availability of off-grid BSs in a k-tier HetNet. The BS is considered available when it has enough RE to serve at least one user. In the case of an unavailable BS, users are served by neighboring BSs, which allows depleted storages to be recharged. The authors proved that there is a fundamental limit on the availability of BSs, which cannot be surpassed by any uncoordinated strategy.
Renewable energy-based clustering is considered in [51] to improve the throughput of a network of BSs powered by only RESs. Each BS uses the harvested energy for transmission and becomes inactive when the harvested energy is less than required. The authors derive the outage probability and the area spectral efficiency for energy-harvesting clustered wireless networks in closed form using stochastic geometry. Then a spectrum-efficient operating policy based on the energy state is proposed, where each BS serves only the closet n users instead of serving all the users in the cluster. Results show that spectral efficiency is increased by the proposed policy.
In general, studies done for cellular networks solely powered by local renewable energy sources aim to increase service availability and decrease the outage of base stations.
B. ON-GRID BASE STATIONS
In contrast to off-grid base stations, on-grid base stations are connected to the power grid. We also distinguish between base stations connected to the traditional power grid and those connected to the Smart Grid. We denote the former as on-grid base stations and the latter as Smart Grid base stations.
An advanced architecture based on the 3GPP HetNet is presented in [52] , as illustrated in Figure 5 . It defines a multi-tier, self-organized wireless access network composed of several types of BSs with different characteristics using the same access technology and spectrum. The architecture consists of on-grid macro BSs and overlapped micro-and small-cells powered by RE and the grid depending on their conditions (location for example). This architecture keeps the benefits of the fully grid-powered HetNets, such as long-time cost saving, and provides easier deployment for BSs that are difficult to connect to the power grid. A similar architecture is adopted by [53] , where the authors consider the system model as a high power BS powered by the power grid, overlapped by several low-power BSs, which are powered by RESs.
The authors of [13] use HOMER to study the feasibility of implementing RE for an on-grid BS as a solution for power failure and high fuel cost in Bangladesh. The proposed system is composed of PhotoVoltaic (PV) cells, a battery, a converter, a diesel generator and connection to the power grid. The study showed that the proposed system is more environmentally-friendly and cost-effective compared to traditional BSs, although it requires significant initial investments. Another approach is proposed by [52] , where the authors consider sizing the renewable energy (PV arrays) and storage system of next-generation cellular networks. The approach calculates PV land occupation and storage size based on BS power demand and number of hours of available solar insolation. However, the sizing process aims to achieve zero-grid energy, i.e. base stations rely solely on renewable energy and the power grid is used as backup, which leads to significant size and investment cost.
Other studies analyze the trade-offs between average user satisfaction degree and the ratio of RE used in powering a BS as in [54] . The authors consider real traffic profiles and statistical energy generation derived from real weather. The trade-off is then studied for different configurations of a BS. In [55] , the resource allocation problem of a single BS powered by RE and the power grid is studied. The problem is formulated as a minimization of the average grid power while satisfying users' quality of service (outage probability). For a given time the power-outage trade-off is calculated using statistical information on traffic intensity and harvested RE.
In [6] , the authors propose two detailed approaches: handover parameter tuning for target cell selection and power control for coverage optimization. In other words, mobile users are guided to associate with BSs powered by RE, which will reduce on-grid energy consumption. Results show that these two approaches can lead to a balance between energy savings and throughput degradation.
Optimizing the cell size for energy saving in cellular networks powered by both RE and the power grid is studied in [56] . The authors state that maximizing the utilization of harvested energy involves at least two aspects. The first aspect is the multi-stage energy allocation problem that determines how much energy should be used at the current stage and how much must be reserved for future use. The second aspect is maximizing the utilization of allocated energy at every stage. RE is allocated by each BS based on the energy demand and the condition of the storage. Then, the network adjusts the BSs' transmitting powers and switches off some of them to minimize the on-grid energy BSs. The authors of [53] consider heterogeneous networks with a mixture of a highpower BS powered by the power grid and low-power BSs powered by RESs. The formulated problem aims to minimize the maximum power depletion rates of the low-power BSs, which eventually leads to minimizing power grid energy consumption. An algorithm called ICE is proposed as a solution for the min-max problem to achieve low computational complexity. The algorithm shrinks the coverage of low-power BSs by reducing their beacon power levels. The overall energy consumption can be increased, but the amount of power grid energy consumption is reduced.
In [57] , Coordinated Multipoint (CoMP) is employed transmission to enhance the utilization of RE in a renewable energy cluster formation. Considering that each BS is powered by both RE and the power grid and equipped with large energy storage, the authors propose a renewable energyaware cluster formation that aims to minimize the power grid energy consumption. Results show significant reduction in grid energy consumption.
We notice that two approaches are considered when studying cellular networks powered by renewable energy and the power grid. The first approach considers the power grid to be an unlimited source of energy. The main objective of using renewable energy in this case is to reduce the power grid energy consumption. The second approach considers that the power grid suffers from failures. The grid is modelled as ON-OFF model (ON when power grid is available and OFF during failure) or other models that represent the frequency and duration of failures [58] . In this case, renewable energy is mainly used for ensuring the continuity of service of cellular communications.
C. SMART GRID BASE STATIONS
The idea of using RESs to power cellular networks has attracted attention, and the problem of utilizing the generated RE for off-grid and on-grid base stations has been investigated in many studies. Recently, academia and industry started considering the Smart Grid when studying cellular network energy performance. For example, the authors of [59] study the operation of cellular BSs powered by the Smart Grid, considering traffic variation, real-time electricity price, several energy providers and the pollutant level associated with electricity generation. However, powering BSs with RESs is not considered. CoMP is used to ensure acceptable service quality in the cells whose BSs have been shut down, and active BSs decide on which retailers to procure electricity from and how much electricity to procure. Simulation results show that the Smart Grid has significant impacts on green wireless cellular networks, and the proposed scheme can significantly reduce operational expenditures and CO 2 emissions. Another study done in [41] analyzes green cognitive mobile networks with small cells in the Smart Grid environment, without considering RE. Power allocation and interference management for multimedia communications are performed to serve the demand side management service.
The two previous studies did not consider the use of RE in powering BSs. However, the authors of [23] study adaptive power management for wireless BSs powered by local RESs and the Smart Grid under several uncertainties. These includes power generated from renewable sources, power price from the electrical grid, and power consumption of the wireless BS due to traffic variation. The aim is to minimize the cost of energy consumption as well as meet user demand. Results show that adaptive power management can successfully minimize power cost. Similarly, the study done in [22] considers the problem of minimizing the electric bill for a cellular BS powered by the Smart Grid and locally harvested RESs. The authors consider hourly-varying electricity prices known a day ahead by the BS. Several online energy management strategies that require only causal knowledge of RE generation and the power consumption profiles are proposed. Simulation results show that the performance of the proposed online strategies deviate from the optimal by 2% at most. These studies focus on energy management (allocation of renewable energy and storage management) and do not discuss any energy efficiency techniques.
In [60] , a new architecture for powering green mobile networks with a majority of renewable sources is introduced. The architecture consists of a cluster of BSs powered by local RESs and the Smart grid and equipped with energy storage. The renewable energy sources and energy storage may be centralized or distributed. However, they are shared by all BSs using a micro-grid configuration in both cases. The micro-grid configuration allows more tightly coupled management of resources with the grid. In order to increase the utilization of RE, one of the BSs is switched off even when the traffic load is not low. A traffic shaping technique that slightly reduces the quality of voice traffic is employed.
In [61] , the authors consider a network of BSs powered by RE and several electricity retailers, where the aim is to minimize energy consumption, reduce CO 2 emissions and maximize the profit of the network operator while maintaining a certain QoS. The problem is solved by a heuristic algorithm that switches off redundant BSs and procures power from retailers without affecting the QoS of the network.
The study in [62] considers the problem of minimizing the energy cost of a heterogeneous cellular network with BSs powered by RE and the Smart Grid, considering real time pricing. A two-stage optimization problem is formulated where the transmitting powers of BSs are adjusted while the QoS experienced by users is preserved in the first stage, with RE allocation being considered in the second stage. Similarly in [63] , minimizing the electricity cost under electricity markets by joint power allocation and battery management for a BS powered by hybrid energy sources and finite energy storage is studied. In addition to allocating RE, the energy demand of the BS is reduced by delaying some data when the price of electricity is high or when bad link quality is experienced. The problem is studied considering random data arrival, link quality, RE and variable grid energy price. The proposed algorithm is designed to guarantee the worst delay experienced by users without the knowledge of future information.
In [24] , we study the behavior of a base station equipped with renewable energy sources and energy storage, where the base station provides ancillary service to the Smart Grid. The base station uses the generated RE, energy storage, radio resource management and the concept of delay-tolerant users to answer Smart Grid requests. Based on real data provided by France Electricity Transmission Network [64] , results show that this approach may lead to negative energy cost, i.e. the Smart Grid pays the network operator.
V. CLASSIFICATION OF GREEN CELLULAR NETWORK PROPOSALS
This section presents two classifications of green-powered cellular network proposals in a Smart Grid environment. The first classification presents the possible usages of RE and energy storage. The second classification categorizes the work into two domains: design and operation.
A. RENEWABLE ENERGY AND STORAGE USAGES
The objective of using renewable energy and energy storage depends on the perspectives and engagement of MNOs and incentives offered by the Smart Grid. In Figure 6 , we classify the possible objectives of using RE based on the concerns of the Smart Grid and cellular network operators. One of the frequent usages of harvested RE is decreasing grid energy consumption. However, the existence of on-site storage and variation of grid parameters such as on-grid energy price, grid load, type of energy source, GHG release and other factors open the usage of renewable energy to new objectives.
Smart Grid and network operators are both interested in reducing energy consumption and decreasing GHG emissions. Cellular networks are concerned with reducing their electric bills and reselling excess harvested energy. However, the Smart Grid is interested in optimizing its performance, and renewable energy can be used in this case to reduce peak energy consumption, support the grid, provide the Smart Grid with ancillary services, etc.
We may observe correlations between some objectives in certain conditions. For example, reducing on-grid energy results in reducing electric bills and may decrease the GHG footprint of the mobile operator. However, it is not the same to reduce energy consumption at low-price time and highprice time in terms of cost while considering dynamic energy tariffs. These tariffs are one of the common incentives used by the Smart Grid to bridge its concerns with those of customers (cellular networks).
In order to achieve the presented objectives, the existence of energy storage is mandatory to allow storing RE and using it at specific periods (depending on the objectives). Otherwise, RE would have to be consumed directly. It is also possible for cellular networks to participate in the energy market as energy storage. Energy from the grid can be stored when energy prices are low or when the grid requests, and then used later at periods of high energy prices. Figure 7 presents our classification of Smart Grid-aware strategies. We categorize the strategies into two main domains related to the design and operation of cellular networks. The domains are also categorized based on area of research. In the following, we present the main proposals and mechanisms used in each of the two domains.
B. SMART GRID-AWARE STRATEGIES

1) DESIGN AND DEPLOYMENT
In the design and deployment domain, the work can be divided into two parts: network and energy.
a: NETWORK
The network part includes the design and deployment of energy-efficient devices (base stations), new architectures and new technologies. Research on energy-efficient base stations is very active and includes internal BS architecture, idle components switch-off and component energy-efficiency enhancement [10] . One of the biggest concerns is the power amplifier, where work focuses on reducing power losses and peak-to-average power ratio and increasing power efficiency and linearity. Moreover, energy-efficient BSs are designed with better components to permit sleep modes with low energy consumption and rapid transition (from sleep to active mode and vice versa), which is essential to increase efficiency at the network level.
Classic cellular network architectures are designed to ensure service access coverage and control the interference between BSs. Energy-aware planning takes into consideration the usage of renewable energy and the possibility of sharing this energy. New architectures based on Redundancy are proposed to allow BSs to support each other wirelessly [42] , i.e. BSs are placed closer than their maximum coverage. This will lead to higher capacity in the network and permits BSs with high renewable energy availability to support other BSs. However, deploying new sites means additional capital investment, including the Telecom site, site acquisition/rental costs and renewable energy equipment. Moreover, the availability of suitable locations in already deployed networks is critical to determine the feasibility of the solution. In the same manner, interference management is a major concern in this case.
Other architectures consider Heterogeneous Networks (Hetnets) as a basis in their proposals [52] . In addition to their advantage in providing higher coverage and capacity, Hetnets can be used for decreasing energy consumption [65] , on-grid energy [56] and energy cost [41] . Moreover, heterogeneous networks powered by renewable energy have the advantage of reducing energy cost as shown by [52] . In particular, small cells can be powered by less than 1m 2 of solar panels and can lead to significant reduction of on-grid energy consumption of macro-cells [53] . This also solves one of the challenges of Hetnets in powering new base stations where it is difficult or impossible to get connectivity to the power grid. However, this architecture faces several challenges, such as investment cost, backhaul deployment and high signalling load [66] .
In [67] , the authors propose a new architecture for renewable energy-enabled mobile networks, where BSs are connected by dedicated power line connections to share renewable energy. The cellular network is designed to satisfy users and reduce capital as well as operational expenditures (CapEx and OpEx). The problem is selecting the subset of candidate BSs with minimum cost (sum of CapEx and OpEx). However, integrating renewable energy base stations and the Smart Grid allows energy sharing without the need for dedicated power lines.
In addition to energy-efficient base stations and new cellular architectures, new cellular technologies such as massive MIMO and cognitive radio can be used in the context of Smart Grid-aware networks. Massive MIMO-BSs have recently been proposed to boost peak data rates and system capacity. Cognitive radio searches for the best channel to VOLUME 3, 2015 FIGURE 7. Classification of Smart Grid-aware strategies.
serve users. Although these designs are proposed to increase bandwidth and enhance network performance, a proper use of such technologies can be beneficial in the context of energy-efficient, sustainable and Smart Grid-aware cellular networks [68] . For example, equipping BSs with multiple antennas and operating them in a massive MIMO fashion enhance the energy efficiency of the network, as illustrated in [69] . Moreover, Cognitive radio can be used to mitigate noisy and congested spectrum bands, yielding reliable and high-capacity links for wireless communication in the Smart Grid as illustrated in [70] . For more information about cognitive radio networks in the Smart Grid, see the exhaustive survey of Khan et al. in [71] .
b: ENERGY
In the energy part, Smart Grid-aware network operators focus on deploying new energy components such as renewable energy sources, energy storage and supporting devices. As mentioned before, Smart meters, inverters and energy control units are needed to allow better management of generated energy and the possibility of injecting energy into the Smart Grid. An important challenge is dimensioning renewable energy sources and energy storage. Traditional use of renewable energy motivates the idea of sizing renewable sources and storages to achieve zero-grid [5] . However, this leads to large size of renewable sources and over investments. Smart Grid-aware dimensioning of RESs is based on desired objective(s) and possible configurations of the network. For example, dimensioning RESs should consider the variation of grid energy prices when RE is used to reduce the electric bill. Also, cellular operators should take into consideration the capability of adjusting the radio resources and switching off BSs in the dimensioning procedures to avoid overestimation of the network's energy demand. In [72] , the authors dimension the RES size depending on the possibility of switching off base stations and the periods of high grid energy price. Results show that significant cost reduction can be achieved even by using a small amount of renewable energy. It should be noted that the size of RESs is location-based, and MNOs need to consider the specificity of each site in the dimensioning process.
2) OPERATION
In the operation category, we consider work related to users, network operation and energy management.
a: USERS
Some of the recent strategies to achieve more energyefficient networks include the users in the decision process. For example, delay-tolerant users would allow the operators to manage their network in a more energyefficient manner. Users are aware upfront of possible upcoming delays and express their willingness to wait for their requests to be processed [35] . This concept specifically shows advantages in the case where network operators need to reply to Smart Gird requests for providing ancillary services and adjusting energy load [24] . Another example is time-based or energy-based service pricing, where BSs would periodically send the price of the service based on grid energy price. The main challenge in this type of strategy is the high signalling load between users and the network.
b: ENERGY
Powering cellular networks with renewable energy sources and the existence of on-site energy storage transform BSs from consumers into prosumers. In addition to consuming energy, BSs can purchase, store, sell or share energy. Smart meters and energy management units are required to allow bidirectional communication with the Smart Grid and take the decision of energy allocation, respectively. Moreover, a grid-tie inverter is mandatory to enable energy sharing among BSs.
Energy operating can be done locally or globally. In the former case, a base station manages its energy resources to satisfy users and minimize its energy cost depending on local conditions, such as renewable energy availability, storage state, traffic load and the price of grid energy. The advantage of this case is that base stations operate distributively, which reduces the complexity of the problem. BSs can better utilize their energy resources and achieve higher energy cost reduction by cooperating with each other. However, this will increase information exchange and the complexity of the problem. In both cases, the energy loss due to the efficiency of the storage and its life cycle should be considered.
c: NETWORK
In cellular networks, radio resource management and power allocation are important mechanisms to control interference, maximize network capacity and satisfy users' demand. These mechanisms are also used to reduce network energy consumption and can be used by Smart Grid-aware cellular networks. In this context, the operation of a network depends on its design, enabled technologies and architecture. Moreover, knowing that energy is one of the most important resources of cellular base stations, network operation should take into account new parameters such as renewable energy generation, price of on-grid energy and state of the storage. Thus, joint optimization between network operation and energy operation can further minimize energy cost while satisfying users' demands. The main challenge is the complexity of the problem due to the existence of many parameters and several uncertainties such as renewable energy generation, grid energy price and users traffic.
Radio resource management and power allocation techniques for reducing energy consumption have been widely investigated [10] . These techniques show some specificities in the context of Smart Grid-aware networks. Adapting the cell lay-out by switching off some bases stations and/or adjusting their transmitted power lead to significant energy savings at the network scale. However, the possibility of switching off base stations is higher if coverage redundancy is applied to the network architecture. Moreover, it is not always possible to switch off a BS due to capacity and coverage constraints. However, it might be possible to contract the cell size to match the BS energy demand with the amount of available RE, which will lead to different cell sizes. In this case, optimizing the number of active radio resources is essential to avoid wasting radio and energy resources [73] .
Traffic shaping is already deployed by cellular operators to optimize the utilization of their resources and meet the needs of their users [74] . Traffic shaping can allow greater reduction in energy consumption with reasonable reduction in quality of service [60] . Thus, it can be a good solution when the Smart Grid requests reductions in network energy consumption during high traffic periods.
Introducing renewable energy sources and considering Smart Grid environment leads to different conditions at neighboring base stations. For example, we may find two base stations with different energy providers, leading to different electricity prices [61] . Associating users to base stations with a lower energy price or other Radio access technology (RAT) with lower energy consumption decreases the energy cost of the network.
VI. INTEGRATED ARCHITECTURE
The best path for a network's evolution is individual to each network and depends on its specific characteristics and special needs [75] . However, any cellular network requires some updates to enable cooperation with the Smart Grid. Based on the technology requirements and classification of strategies presented in Sections III and V, we identify several key points that we consider in designing our proposed integrating architecture.
• Specificity: the proposed architecture should enable and facilitate the cooperation and interaction between cellular networks and the Smart Grid. However, each of these infrastructures provides special services and has its specific characteristics and constraints. On the one hand, the new architecture should take into consideration the specificity and needs of a cellular network, such as its criticality. On the other hand, the architecture should not affect the Smart Grid mechanisms.
• Compatibility: the new architecture should be compatible with the existing cellular architectures to allow the smooth upgrade of networks. Moreover, it should facilitate the deployment of emerging architectures, such as heterogeneous networks.
• Versatility: the usage of renewable energy in the context of Smart Grid-aware cellular networks is open to many objectives and depends on the network operators' perspectives. Moreover, the Smart Grid features may change from one place to another. Therefore, it is necessary for the integration architecture to support a variety of tasks and adapt to different infrastructure conditions.
• Flexibility: several approaches can be adopted by the cellular network operator. The architecture should allow energy operation, network operation and joint networkenergy operation. Moreover, it should allow network VOLUME 3, 2015 FIGURE 8. Smart Grid-Mobile Network integrated architecture. 2 operation in a cooperative and non-cooperative manner (between base stations).
• Eligibility: we have explained that benefiting from certain features of the Smart Grid requires a minimum power demand of the customer. Thus, cellular networks need to aggregate the power demands of their base stations to meet the Smart Grid eligibility criteria. Our proposed architecture for integrating renewable energy-powered cellular networks and the Smart Grid is presented in Figure 8 . The architecture is composed of two domains: Smart Grid and cellular networks. In order to respect the specificity of each infrastructure, the Smart Grid domain is not modified. However, the Smart grid would have some special inclusions in their services to recognize the BSs as special prosumers. This can be applied through special algorithms embedded in the management system. In the cellular network domain, some elements are updated and other logical and physical ones are added. This is minimal to achieve the desired interaction and provide compatibility with different cellular technologies. Figure 9 introduces the Renewable Energy-Aware Base Station (REABS) model that is used in the 2 The Smart Grid domain used in Figure 8 is the architecture proposed by the European Commission in [77] . proposed architecture. The model is an extension of the renewable energy base station model (REBS) we proposed in [8] . Both models consider the use of renewable energy sources, energy storage and energy control units. However, in contrast to REBS, REABS is designed to interact with the Smart Grid. Moreover, Smart meters and inverters are deployed to allow bidirectional communication of data and energy. The smart meter is responsible for reading and transmitting its measurements, two-way communication between the meter and market participants (e.g. billing, energy-related services), support for various tariff models and payment systems, etc. In the following we explain the roles of the local and MNO controllers, which are designed to ensure versatility, flexibility and eligibility of the proposed architecture.
A. LOCAL ENERGY CONTROLLER
The local energy controller (or local energy control unit) is an update for the existing energy controller implemented at each BS site. It is responsible for gathering information about the BS energy demand, RE generation, storage and information provided by the Smart Grid, and then sending it to the MNO energy controller. It is also responsible for executing the decision of energy consumption whether the decision is made locally or globally. The case of local decisions corresponds to a single operational base station, where the local energy controller takes the decision of managing energy based on local information and the perspective(s) of the operator. In the case of global decisions, the base station acts as a part of a system and the MNO energy controller sends the energy use decision to be executed by the local energy controller.
This unit is also essential in supporting the grid. It may react fast, without getting back to the MNO energy controller, in case of urgent situations. For example, the local energy controller would inject energy from its local renewable sources and storage, depending on their states, instead of consuming on-grid energy in case of power drop. This type of service is known as an ancillary service [76] .
B. MNO ENERGY CONTROLLER
The MNO energy controller is responsible for gathering the information sent by different local energy controllers and sharing them with the MNO configuration controller to jointly take the decisions regarding energy use and network configuration. Moreover, the MNO energy controller can be thought of as an energy aggregator of the base stations, where it helps to overcome several obstacles in the interaction between the Smart Grid and cellular networks. On the one hand, aggregators handle the communications with a large number of loads. On the other hand, they represent a single point of contact to the Smart Grid with significant energy capacity.
We should note that it is also possible for this controller to perform other tasks, together with the local energy controllers and independent of the MNO configuration controller. Examples include buying and selling energy depending on the electricity price and the state of the energy storage at different BSs.
C. LOCAL CONFIGURATION CONTROLLER
Satisfying users is a high priority consideration in cellular networks. The local configuration controller is responsible for gathering information concerning traffic and sending it to the MNO configuration controller to ensure users satisfaction. Other tasks also concern interaction with users. For example, when electricity prices are high, this unit is aware of the electricity price from the local energy controller and can notify the user that the call costs more. The user may then choose whether to continue the call or accept delaying to another time.
D. MNO CONFIGURATION CONTROLLER
This element receives information from different local configuration controllers. It then adjusts the configuration of the network based on this information, together with the MNO energy controller taking into account the MNO strategies. After taking the decision, the MNO configuration controller communicates with the local controllers. It should be noted that it is possible to implement the MNO energy controller and MNO configuration controller as one physical or logical unit. Moreover, we may find several MNO controllers within the network due to scalability and delay issues.
VII. CHALLENGES AND RESEARCH ISSUES
The proposed architecture facilitates the interaction between cellular networks and the Smart Grid. However, there are still a lot of interesting research opportunities and challenges, which are presented in the following.
1) Scalability: The number of users and base stations in a cellular network is increasing more and more, especially with the emergence of heterogeneous networks. This will challenge mobile network operators in terms of scalability. One of the solutions is to decompose the cellular network into sub-networks at the network level and into micro-grids at the energy level. 2) Backhaul Networks: In addition, the increase in the traffic and large deployment of small cells imposes an important challenge for backhaul networks to forward massive traffic to the core networks in a low cost and highly energy-efficient manner. Unlike macroBSs, which are connected to core network by large capacity and low delay backhaul links, the backhaul of small cells has relatively lower bandwidth and larger delay [78] . Therefore, the advantage of large deployment of small cells would be limited unless backhaul constraints are considered. Recent studies started to consider backhaul-constrained networks powered by renewable energy sources, such as in [79] and [80] . However, such networks have not yet been studied taking into account the constraints and utilities provided by the Smart Grid. 3) Complexity: Furthermore, each base station has its own conditions (renewable energy, traffic, electricity price, etc.). These conditions vary at different time scales. Current studies manage the network and energy resources at the time scale of the network (communication), which increases the complexity of the problem. It would be interesting to investigate network and energy management over multiple time scales, which can be a good trade-off between energy performance and the problem complexity. 4) Wireless-Powered Cellular Networks: One of the key visions of emerging 5G networks is considering Wireless-Powered Cellular Networks (WPCN) [81] . WPCN are currently being investigated to ensure reliability as well as improving battery lifetime and mobility of the wireless devices. However, introducing WPCN would lead to additional resource consumption [82] . Powering BSs by renewable energy sources and the Smart Grid would solve some of the challenges that are imposed by WPCN. 5) Smart Grid Concerns: So far, existing studies have focused on using renewable energy and radio resource management to deal with the concerns of cellular networks. Replying to Smart Grid concerns is open to many questions. In [24] , base stations manage their radio resources and energy storage to provide the Smart Grid with ancillary services. Yet, the study shows the economic advantage for MNOs and the effect of this behaviour on the Smart Grid is not shown. In future studies, it would be interesting to study the impact of the new energy behaviors of cellular networks on Smart Grid stability and performance. 6) Coexistence of Multiple Players: Another challenge is related to the coexistence of multiple players at the network and energy levels. At the network level, multiple cellular operators coexist with multiple technologies (e.g. WiFi). The possibility of offloading users from a cellular BS to a hot-spot solicits the need for cooperation between cellular operators and other technology operators. At the energy level, base stations may belong to a micro-grid that contains several agents, such as distributed energy generators, several types of energy loads and energy storage systems. Energy management and operating strategies of cellular networks are essential to cooperate with other agents to develop economical, flexible and efficient operation of the micro-grid. 7) Including Users: An important issue for Smart Grid-aware cellular networks is to include users in the decision process, which requires new pricing schemes to attain users' cooperation. Existing pricing schemes are based on the provided bandwidth and services [83] . New pricing schemes should take into consideration the price of on-grid energy, level of pollution and degradation of users' quality of service due to energy efficiency mechanisms. For example, applying delay-tolerant users is suitable when the Smart Grid asks the network to reduce its consumption [24] . However, enabling this concept requires some incentives to acquire the users' agreement in delaying their call.
8) Standardization:
A great deal of work has been done in the research of renewable energy-powered cellular networks. However, standardization efforts are needed for explicit identification of what is green and how to green cellular networks. The technical report of 3rd Generation Partnership Project (3GPP) indicates that using renewable energy sources in powering cellular networks is encouraged and has high priority [84] .
In the context of Smart Grid-aware cellular networks, future standardization has to target diverse requirements (networks, renewable energy, users, Smart Grid), flexible methodologies and architectures, and level of cooperation between cellular networks and the Smart Grid.
VIII. CONCLUSION
Powering cellular networks with renewable energy sources and the evolution of the power grid open the way into great opportunities for cooperation between the two systems.
In this paper, we have presented the requirements of the Smart Grid, renewable energy systems and cellular networks. Moreover, we have classified and discussed the existing proposals for renewable energy-powered cellular networks. Based on the requirements of the technologies and classification of the existing proposals, we have proposed a new architecture for integrating renewable energy-powered cellular networks and the Smart Grid. This integration will bring mutual benefits for the Smart grid and network operators.
